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FOREWORD

An exploratory experimental and theoretical investigation of gaseous nuclear

rocket technology is being conducted by the United Aircraft Research Laboratories
under Contract NASw-847 with the joint AEC-NASA Space Nuclear Propulsion Office.
The Technical Supervisor of the Contract for NASA is Captain C. E. Franklin (USAF).
Results of portions of the investigation conducted during the period between
September 15, 1968 and September 15, 1969 are described in the following five
reports (including the present report) which comprise the required ninth Interim
Summary Technical Report under the Contract:

l.

Roman, W. C., J. F. Klein, and P. G. Vogt: Experimental Investigations to
Simulate the Thermal Environment, Transparent Walls and Propellant Heating in
a Nuclear Light Bulb Engine. United Aircraft Research Laboratories Report
H-910091-19, September 1969.

Mensing, A, E. and J. F. Jaminet: Experimental Investigations of Heavy-Gas
Containment in R-F Heated and Unheated Two-Component Vortexes. United Alr-
craft Research Laboratories Report H-910091-20, September 1969.

Krascella, N, L,: Theoretical Investigation of the Radiant Emission Spectrum
from the Fuel Region of a Nuclear Light Bulb Engine. United Aircraft Research
Laeboratories Report H-910092-12, September 1969. (present report)

Latham, T. S., H. E. Baver, and R. J. Rodgers: Studies of Nuclear Light Bulb
Start-up Conditions and Engine Dynamics. United Aircraft Research Laboratories
Report H=-910375-4, September 1969.

Johnson, B. V.: Exploratory Experimental Study of the Effects of Inlet
Conditions on the Flow and Containment Characteristics of Coaxial Flows.
United Aircraft Research Laboratories Report H-910091-21, September 1969.
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Report H9L009Z2-12

Theoretical Investigation of the Radiant

Emission Spectrum from the Fuel Region of a

Nuelear Light Bulb Engine

SUMMARY

A theoretical investigation was conducted to determine the spectral emission
characteristics of the fuel region of a nuclear light bulb engine and hence, the
spectral radiative flux incident upon the transparent containment walls or upon the
reflective end walls of such an engine. The analysis was performed for a specified
engine configuration and for a specific nuclear fuel partial pressure distribution.
Estimates of the spectral radiative flux emanating from the nuclear fuel region were
made for a total radiated flux of 24,300 Btu/ftz-sec (2.757 x 101t erg/cmz—sec),
which corresponds to an effective black-body radiating temperature of 15,OOOOR

(8333%K).

Six cases were considered in which the effects of changes in the heavy-atom
absorption coefficient model parametefs, the addition of a seeding gas, and changes
in end-wall reflectivities on the spectral radiative flux emitted from the nuclear
fuel region were examined. Three cases involved parametric variations of the heavy-
atom model in either the fuel species ionization potentials or in the oscillator
strength distribution functions describing line transitions. In the fourth case, the
effect of hydrogen as a seed gas on the emitted spectral radiative flux was studied.
The effect on the emitted flux of a uniform end-wall spectral reflectivity of 0.5
was examined in the fifth case; similar calculations were made in the sixth case using
the spectral reflectivity of aluminum.
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CONCLUSIONS

The spectral digtribution of radiative flux emitted from the nuclear fuel region
of a nuclear light bulb engine differs appreciably from that of a black body at
a temperature of 15,000°R (8,333°K). If noseedsare employed, the spectral
distribution from the fuel region is shifted to higher wave numbers (shorter
wavelengths).

Addition of a seed gas such as hydrogen tends to attenuate the radiation emitted
in the ultraviolet region of the spectrum.

Use of end walls with reflective coatings such as aluminum tends to shift the
spectral distribution of radiated energy to higher wave numbers (shorter wave-
lengths) for a given total flux emitted from the fuel.

The radiation spectrum emitted from the fuel region is controlled by a very thin
layer of fuel near the edge of the fuel region because of the highly opaque
nature of nuclear fuel.
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TWTRODUCTION

Analytical and experimental investigations of various aspects of gaseous nuclear
rocket technology are currently being conducted by the Research Laboratories of
United Aireraft Corporation under Contract NASw-847 administered by the joint AEC-
NASA Space Nuclear Propulsion Office. Of primary interest under this contract is
the nuclear light bulb engine concept described in Ref. 1. In this concept, a vortex-
stabilized gaseous nuclear reactor emits thermal radiation which is utilized to heat
a seeded hydrogen propellant. The nuclear fuel and seeded propellant regions are
physically separated by an internally cooled transparent wall. Knowledge of the
spectral distribution of thermal radiation emitted from the nuclear fuel region and
subsequently incident upon the transparent containment wall is necessary in analyzing
the feasibility of the nuclear light bulb engine concept.

To date most calculations of the flux of thermal radiation emitted from the
nuclear fuel have assumed that the emitted radiation originates from a grey-gas at
the assumed edge-of-fuel temperature (Refs. 2 and 3). Preliminary calculations
indicate that the spectral distribution of thermal radiation differs appreciably from
that of a black body. However, the effect of changes in the heavy-atom model para~
meters (used to describe the composition and spectral properties of the nuclear fuel)
on the emitted spectral flux have not been assessed; similarly, the effect of the
addition of seed gases on the emitted flux have not been studied.

An additional problem arises in considering radiation emitted from the fuel
region in an axial direction. Axially directed radiation impinges upon highly
reflecting end walls in the full-scale engine. It is anticipated that a large frac-
tion of the inecident flux will be reflected. Obviously a large flux of reflected
radiation will significantly alter the edge-of-fuel temperature in an axial direction
as well as the temperature distribution in the outer layer of fuel adjacent to the
reflecting wall. No estimates of the effect of highly reflecting end walls on the
spectral distribution of radiant flux emitted from the fuel region have been made to
date.

Based on the preceeding discussion, a program was formulated to determine the
effect on the spectral radiation emitted from the fuel region of a nuclear light bulb
engine of: (a) changes in the heavy-atommodel parameters; (b) addition of a seed gas
and (¢) inclusion of reflective end walls. The program is described in detail in
succeeding sections of this report.




H910092-12
ANATYTICAT, METHOD

Because of the high fuel opacity, the radiation spectrum emitted from the fuel
region of a nuclear light bulb engine is controlled by conditions existing in the
outermost layer of the region. At the temperatures and pressures anticipated in the
full-scale engine, the dominating region is typically a few centimeters in depth.
Thus, the region controlling spectral radiation emission may be considered as a plane-
parallel gas layer containing a relatively low concentration of nuclear fuel. Since
low nuclear fuel density in the edge-of-fuel region precludes extensive energy release
by nuclear fission in this region, the outermost layer of fuel is characterized by a
constant total energy flux at all points within the region.

The spectral distribution of emitted flux may be estimated using a transport
analysis of the radiative transfer process. The radiation flux profile is a function
of the temperature distribution in the outer fuel layer as well as the composition
and spectral absorption coefficients of the nuclear fuel. These fuel properties are
functions of both pressure and temperature.

Iterative Procedure

The temperature and corresponding radiative flux profile may be determined for
a specified fuel concentration profile utilizing existing one-dimensional UARL simpli-
fied grey-gas and spectral transport computer codes.

1. To initiate the procedure, a distribution of Rosseland Mean Opacity as a
funetion of temperature is assumed for a specified fuel partial pressure variation
with position in the fuel region. These mean opacity data, a specified total heat
flux, Q¥, (constant throughout the medium) and an edge-of-fuel temperature are used
as input for the simplified grey-gas computer code to calculate a temperature profile
uging the optically thick approximation.

2. The temperature profile estimated in Step 1 and a specified fuel partial
pressure distribution are used as input for the spectral transport computer code to
calculate the corresponding fuel absorption coefficients and the spectral flux distri-
bution at each position within the outer layer of the fuel. Finally, the spectral
fluxes at each position are integrated to ascertain the total flux, Q;.

3. The assumed Rosseland Mean Opacities used in Step 1 are modified by the
relationship:

B Qi 1
aRi+l = aRl(ﬁ) ( )
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where aRig #Rip1s ore values of the Rosseland Mean Opacity for the initial and
second iterations respectively, Q; is the total flux (integrated spectral flux) cal-
culated in Step 2, and @¥ is the desired total and constant flux radiated from the
fuel region.

k., Step 1 is repeated using 8Rs values, and the same sequence is repeated
until Q3 and Q* agree to within 5% a% all radial positions in the fuel region.
(Approximately 10 iterations are normally required to achieve convergence),

The edge-of-fuel temperature required to initiate the calculation is determined
by application of the "temperature jump approximation" as described in Ref. 4.
Assuming no back radiation is incident upon the fuel region from the containing wall
and assuming that the fuel region can be represented as a grey gas, the edge-of-fuel
temperature is approximated by:

Fl=

A
TE = (-2';) (2)
where Q¥ is the assumed constant radiative flux in the outermost layer of fuel, and
¢ is the Stefan-Bolzmann constant. If the containing wall is reflective and can be
represented as a grey surface, Eq. (2) is modified by the grey-surface reflectivity
and is given by:
1
¥ i
T o— (3)

2(1-<r>)o

where <r> is the grey-surface reflectivity of the wall material. It is shown in the
following sections that Egs. (2) and (3) are not valid for non-grey-gas conditionms.

Unit Cavity Configuration and Conditions

A fuel-containment region 0.681 £t (20.75 ecm) in radius at a total pressure
of 500 atm was selected for the radiation emission analysis of the nuclear light
bulb engine unit cavity schematically depicted in Fig. 1. It was assumed that nuclear
fuel existed at a constant pressure of 200 atm from the centerline or core of the
containment region out to a radius of 0.3405 £t (10.38 cm). At radial positions
beyond 0.3405 f£t, the fuel partial pressure decreased linearly to a pressure of
0.01 atm at the edge-of-fuel position. The fuel partial pressure profile is graphi-
cally illustrated in Fig. 2. Note that the distance, y, in the fuel region is
nmeasured from the edge-of-fuel position (y=0) inward to the centerline (y=20.75 cm)
for analysis of the spectrum emitted radially outward (cases 1 through 4, see
following section). For analysis of the spectrum emitted in an axial direction, ¥y,
is measured in the axial direction (cases 5 and 6, see following section). The
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difference between the total pressure of 500 atm and the fuel partial pressure at any
pogition was attributed to neon (the absorpbion of the neon was neglected).

All caleulations were made for an assumed effective radiating btemperature, T¥,
of l5,OOOOR (8333OK) which corresponds to an effective total radiative black~body
flux Q% of 24,300 Btu/ftz—sec (2.757 x 10t erg/cm®-sec). This effective total flux
was taken as a constant at the outer fuel positions congidered as a consequence of
the assumption of negligible energy generation by the fuel in this region.

Spectral quantities were calculaped for at least twenty-five wave numbers be-
tween 1.0 x 103 (10.0g) and 1.0 x 10° em~1 (0.01u). Edge-of-fuel temperatures re-
quired to initiate the iterative procedure were calculated by means of Eq. (2) for
cases 1 through 4 and by means of Bg. (3) for cases 5 and 6. Edge-of-fuel tempera-
tures calculated by the iterative pores for cases 1 through 4 was 10,650°R (5,917°K),
for case 5, 14,650°R (8,139°K), and for case 6, 19,650°R (10,917°K).

Description of Cases

The analytical scheme, cavity configuration and conditions described in pre-
ceding paragraphs were employed in all subsequent calculations of the spectral
distributions of radiative energy emanating from the nuclear fuel region of a nuclear
light bulb engine. The six cases examined during the investigation considered the
effects on the spectral distribution of radiation of (2) variations in the parameters
depicting the heavy-atom model which was used to estimate the composition and spectral
absorption characteristics of the fuel ionization species (b) addition of a seed gas,
hydrogen, to the system and (c) the inclusion of reflective end walls.

The heavy-atom model(Refs. 5 and 6) was required in order to calculate the
requisite composition and spectral absorption characteristics of the nuclear fuel as
a function of temperature and pressure for use as input in the spectral transport
machine code. In cases 1 and 2 the continuum-type oscillator distribution function
was employed to define transition probabilities in the line region of the fuel spec-
trum. With the continuum approximation, distinct line structure in heavy-atom
spectra is ignored and the absorption coefficients are slowly varying functions of
wave number (see Refs. 5 and 6 for details). Cases 1 and 2 differ in the fuel species
ionization potentials employed. The ionization potentials for case 1 are termed the
low set and were of the following magnitude: 6.1, 11.46, 17.94% and 31.14 ev (Ref. 7);
gimilar ionization potential data for case 2 are termed the high set and were of the
following magnitude: 6.1, 17.1, 38.8 and 65.6 ev (Ref. 8).

In case 3, the low ionization potentials of case 1 were retained; however a
band type oscillator strength distribution function was used in the heavy-atom model.
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In the band type oscillator strength distribution function, transition probabilities
in the line region are approximated by sumning known oscillator strengths for various
lines in the fuel spectrum over wavelength intervals of 200 XJ The method is
described in Ref. 9 and is an approximation designed to account for line structure

in the fuel spectrum. Typical oscillator strength data (Refs. 10 and 11) for neutral
and singly ionized ursnium summed over wavelength intervals of 200 X are shown in
Fig. 3. Similar data for doubly and triply ionized uranium are not available in the
current literature; therefore the distribution for singly ionized uranium given in
Fig. 3 was used in the heavy-atom model for the higher ionization species.

The effects of seed gas on the emitted flux was examined in case 4 in which the
heavy-atom model parameters of case 1 were retained. Hydrogen was selected as a seed
gas and introduced at a uniform pressure of 10 atm at all radial positions in the
fuel-containment region.

Cases 5 and 6 represent a study of end-wall effects in which a fraction of the
energy emitted from the fuel region in an axial direction could be reflected back in-
to the fuel. In both cases the heavy-atom model parameters of case 1 were incorpor-
ated. In case 5 a uniform end-wall reflectivity of 0.50 was assumed at all wavelengths
as shown in Fig. 4 by the horizontal dashed line., In case 6, the end walls were
considered to be aluminum and the spectral reflectivity of aluminum (Refs. 12 through
15) was used in the system. This spectral reflectivity profile is also graphically
illustrated in Fig. k.

The various conditions and approximations used in cases 1 through 6 are summarized
in Table I for reference.
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SPECTRAL EMISSION FROM THE
NUCTEAR FUEL REGION

Temperature Distributions

Approximately ten iterations were required in each case in order to achieve
convergence between the simplified grey-gas code and the spectral transport code., A
calculation was considered as complete in any case investigated when the total flux
at all radial positions computed by means of the spectral transport code (using the
temperature profile estimated by means of the simplified grey-gas code) agreed with
the effective black-body flux of 24,300 Btu/ft2-sec to within 5%. Note that case 6
represents an exception to the 5% criterion. The iterative procedure was terminated
after 10 iterationsfor case 6 with a tolerance of approximately 10% for the first
few positions near the fuel edge. The total flux at each radial position calculated
using the spectral transport code is obtained by integration of the spectral flux at
each radial position. Total flux distributions which are indicative of convergence
are illustrated in Fig. 5 for each of the cases studied. It should be noted that the
excellent results exhibited in Fig. 5 were obtained by reducing the predicted edge-of-
fuel temperature (see Eq. (2))in cases 1 through 4 by approximately 15%. The edge-
of-fuel temperature predicted by Eq. (3) for case 5 involving a uniform wall reflecti-
vity was decreased approximately 2% in order to obtain the total flux distributions
illustrated in Fig. 5. Equation (3) was not used to estimate the edge-of-fuel tempera-
ture for case 6 because of the marked spectral dependence of the aluminum reflectivity.
The edge-~of-fuel temperature for this case was determined by means of the iterative pro-
cedure previously described.

Final temperature distributions as a function of the distance from the fuel edge
for all cases examined are graphically compared in Fig. 6. Cases 1, 2 and 3 demon-
strate the effect of changes in the heavy-atom model parameters on the temperature
distribution. Increasing the magnitude of the fuel species ionization potentials
tends to increase the temperature at any position in the outer fuel region as is
shown in Fig. 6 by the curves for case 1 (low ionization potentials) and case 2 (high
ionization potentials). A comparison of curves 1 and 3 shows that using the band
type oscillator strength distribution in the heavy-atom model (case 3) results in a
less severe temperature gradient than that predicted on the basis of a heavy-atom
model with a continuous oscillator strength distribution (case 1).

Comparing curves for cases 3 and 4 in Fig. 6 shows the effect on the temperature
distribution of the addition of 10 atm of hydrogen as a seeding gas. The same heavy-
atom model parameters were used for both cases. The presence of hydrogen tends to
increase the temperature gradient at any position within the outer layer of the fuel
region.
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The curves in Fig. 6 for cases 5 and 6 exhibit the anticipated increase in edge-
of-fuel temperature as a result of reflection of radiation from the end walls.

Spectral Absorption Coefficients
at Edge-of-Fuel Conditions

Typical spectral absorption coefficients for edge-of-fuel conditions are com-
pared in Fig. 7 for cases 1, 2 and 3, in Fig. 8 for cases 3 and L4, and in Fig. 9 for
cases 1,5 and 6.These data and similar data for conditions at various positions with-
in the fuel are required as input to the spectral transport code.

Comparison of the curves in Fig. 7 for cases 1, 2 and 3 show the effect of
changes in the ionization potentials and oscillator strength distribution functions used
to describe the heavy-atom model., The curves for cases 1 and 2 show the effect of
variations in fuel species ionization potentials. Incorporation of the low set of
ionization potential data in the heavy-atom model for case 1 results in higher values
of the absorption coefficients than those of case 2 for wave numbers up to approximately
40,000 em™t. At wave numbers greater than 40,000 em™1, the low set of ionization
potentials result in absorption coefficients which are lower than those calculated
for the heavy-atommodel using the high set of ionization potentials. A comparison of
curves for cases 1 and 2 with the curve for case 3 illustrates typical results obtained
for the spectral absorption coefficients by replacing the continuous oscillator
strength distribution function of cases 1 and 2 with the band type oscillator strength
distribution function used in case 3. (Note that the low set ionization potentials
were used for cases 1 and 3). A band type oscillator strength distribution function
(case 4) results in a stronger wave number dependence of the absorption coefficient
than does the continuous osecillator strength distribution function used in cases 1
and 2. In addition, the band type distribution (case 3) results in an absorption
coefficient distribution which is much lower in magnitude than that predicted for
the continuous oscillator strength distribution (cases 1 and 2) at wave numbers less
than approximately 25,000 cm'l

In Fig. 8 a comparison is made between case 3 (no hydrogen seed gas) and case 4
(10 atm of hydrogen seed gas). Since the same heavy-atom model was used in cases 3
and 4, the dashed curve in Fig. 8 illustrates the fuel spectral absorption coefficient
distribution with wave number for both cases at the edge-of-fuel conditions. The
solid curve (case 4) represents the calculated spectral absorption coefficient of 10
atm of hydrogen at the edge-of-fuel temperature of lO,6SOOR. The sharp peak in the
solid curve at a wave number of approximately 82,000 em™L is due to the Lyman- o line
of atomic hydrogen. The pronounced edge in the solid curve at a wave number of
approximately 105,000 cm"l represents the threshold for absorption from the Lyman
bound~free continuum of atomic hydrogen.
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Similar comparisons in the spectral absorption coefficient distributions at the
edge-of-fuel conditions are graphically depicted in Fig. 9 for cases 1, 5 and 6 which
differ with respect to the reflectivity of the end walls. In case 1, which is used
as & standard of comparison, reflective end walls were omitted; in case 5, an end
wall with uniform reflectivity was considered; in case 6, an end wall of aluminum
was treated. A comparison of the curves for cases 1, 5 and 6 in Fig. 9 shows that
the general contour for each absorption coefficient distribution is approximately the
gsame, This result is expected since the same heavy-atommodel configuration was used
in all cases. The lower values of the absorption coefficient for case 5, as contrasted
with those for case 1, reflect the decreased fuel density at the edge of the fuel in
case 5. The fuel pressure was 0.01 atm for all cases; however, the edge-of-fuel
temperature for case 5 was 1l4,650°R as compared to 10,650°R for case 1. Similar
reasoning applies when the absorption coefficient results of case 6 and case 1 are

compared. Note that the edge-of-fuel temperature for case 6 was 19,6500R.

I
e

The same combinations of cases will be used in all subsequent figures and dis-
cussions to enable comparison of results for changes in heavy-atom model parameters
(cases 1, 2 and 3), effect of seeding gases (cases 3 and L) and effect of wall
reflectivities (cases 1, 5 and 6).

Density Profiles
The composition data required to compute the spectral absorption coefficient
results previously discussed were used to estimate nuclear fuel and total density

profiles as a function of position within the outer layer of the fuel region.

Fuel Density

Nueclear fuel density distributions for each of the cases examined are compared
in Fig. 10 for cases 1, 2 and 3, in Fig. 11 for cases 3 and L, and in Fig. 12 for
cases 1, 5 and 6. The fuel density distributions for all cases exhibit similar
behavior and are of the same magnitude at any specified position within the outer
layer of the fuel region. The density at the edge-of-fuel conditions for cases 1,
2 and 3 (temperature of 10,650°R and fuel pressure of 0.0l atm) was 1.78 x 107k lb/ft3.
For cases 5 and 6 the edge-of-fuel temperatures were higher, 14,650°R for case 5 and
19,65QOR for case 6. The densities for these cases were correspondingly lower, 1.09
x 107" 1b/£t3 for case 5 and 5.81 x 1077 1b/ft3 for case 6.

Total Dengity

The total density is defined as the sum of the densities of all gas species
present in the system. For case 1, 2, 3, 5 and 6 the gases present in the system
examined were nuclear fuel and neon. For case L4, 10 atm of hydrogen was added to the
fuel-neon system ag a seeding gas. Total density is plotted as a function of position
in Fig. 13 for cases, 1, 2 and 3, in Fig. 14 for cases 3 and L4, and in Fig. 15 for
cases 1, 5 and 6.

10
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Spectral Radistive Energy Profiles

Spectral distributions of radiative flux emitted from the nuclear fuel region
of a typical nuclear light bulb rocket engine are graphically depicted in Figs. 16,
18 and 20 for all cases investigated. In Figs. 17, 19 and 21 the results of the
spectral distributions illustrated in Figs. 16, 18 and 20 are replotted as relative
fractional flux distributions. These curves given the relative fraction of total
energy radiated between wave numbers of 1.0 x 103 em™1 and any specified wave number
w and between any wave number w and a wave number of 1.0 x 10° em~l. Also shown for
comparison purposes in Figs. 16 through 21 are the spectral and relative fractional
flux distributions for a black body at temperatures of 10,000°R (5,556°K), 15,000°R
(8,333°K) and 20,000°R (11,111°K). As noted previously, all estimates of spectral
radiative flux emitted from the nuclear fuel were made for a constant total flux of
2k, 300 Btu/ftz-sec (2.757 x 1011 erg/cm®-sec) corresponding to an effective black-body
radiating temperature of 15,000°R (8,333°K).

Effect of Changes in Heavy-Atom Model Parameters

In Fig. 16 the effect of variations in the heavy-atom model parameters on the
spectral flux emitted from the fuel region are illustrated. 1In cases 1 and 2, using
the continuumosecillator strength distribution function in the heavy-atom model and
different ionization potentials, only moderate differences in the spectral energy
distribution curves are noted as shown in Fig. 16. In both cases (cases 1 and 2) the
spectral flux was less than that of a black body at a temﬁerature of 15,000°R for
wave numbers between 1.0 x 103 and approximately 2.5 x 10 em™1 (wavelengths between
10.0 and 0.4 » ). TFor wave numbers greater than approximately 2.5 x 104 em-1 (wave-
lengths less than O.4 ux ), cases 1 and 2 resulted in spectral flux distributions
which were lower than that of a 15,000°R black body. It should be noted that increasing
the magnitudes of the ionization potentials used in the heavy-atom model(Case 1 used
the low set, case 2 the high set) tended to shift the spectral flux distribution such
that somewhat more energy was radiated at wave numbers greater than about 2.5 x 107 em”
(wavelengths less than 0.4 y ) in case 2 as compared to case 1.

1

In case 3, the low ionization potentials and a band type oscillator strength
distribution function were used in the heavy-atom model. More drastic changes appear
in the spectral flux distribution than those noted between cases 1 and 2. The
spectral flux for case 3 exceeded that of a black body at a temperature of l5,OOOOR
for wave numbers between 1.0 x 103 and 1.0 x 10% em~1 (wavelengths between 10.0 and
1.0 g ). The smoothly varying spectral flux distribution observed for cases 1 and 2
was also noteq for case 3 up to a wave number of 1.0 x 10 cm=L (wavelength 1.0 U ).
However, the spectral structure noted for the case 3 spectral absorption coefficient
distribution (see Fig. 7) was reflected in the spectral flux distribution at wave
numbers between 1.0 x 107 and 1.0 x 102 cm"’l (wavelengths between 1.0 and 0.1 u ).
Two "windows" are observed at wave numbers of approximately 3.0 x 10" and 5.5 x iLOl’L cm=+
(wavelengths at 0.33 and 0.182 ¢ ). Similarly, two peaks in the spectral flux dis-

1l
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tributions are observed at wave numbers of 4.0 x 10@ and 7.5 x 10& cmt (wavelengths
at 0.25 and 0.133 4 )e In general the spectral flux for case 3 was less than that

for a lB,OOOOR black body between wave numbers of approximgtely 1.0 x 107 and 7.0 x
104 em-1 (wavelengths at 1.0 and 1.143 , ). The peak at a wave number of 4.0 x 10% em™
(wavelength at 0.25 ; ) was about egual to the 15,000°R black-body flux. For wave
numbers greater than 5.5 x 10 em~t (wavelengths less than 0.33 u ) the emitted
spectral flux exceeds that of a 15,000°R black body.

The spectral flux results of Fig. 16 for cases 1, 2 and 3 as well as the spectral
flux results for a black body at the indicated temperatures (10,000, 15,000 and
20,000°R) were used to estimate relative fractional flux distributions. These data
(relative fractional fluxes) are plotted as a function of wave number in Fig. 17 and
give the fraction of the radiation emitted in any wave number interval relative to
the total flux radiated over all wave numbers. The results illustrated in Fig. 17
show that considerably more energy is radiated in the visible and ultraviolet spectral
regions by the nuclear fuel than a black body at a temperature of 15,000°R (8,333%K).

For example, the fraction of total energy radiated by a 15,000°R (8,333°K) black
body in the wave numbers interval between 5 x 107" and infinity (wavelengths between
0.2 and O » ) is 2.5 x 1072, which is equivalent to a flux of 6.08 x 102 Btu/ft%-sec.
The relative fraction of emitted energ{ from the nuclear fuel is 3.6 x 10~1 (8.k2 x
103 Btu/fte-sec) for case 1, 2.4 x 107+ (5.62 x 103 Btu/ft2-sec) for case 2 and 2.6 x
1071 (6.08 x 103 Btu/ft2-sec) for case 3. Similar results are obtained for other
wave number intervals.

A number of trends are observed in Fig. 17 which reflect changes in the heavy-
atom model parameters. In general, decreasing the ionization potentials used in the
heavy-atom model tends to shift more energy toward the ultraviolet spectral region
as is shown in Fig. 17 by comparing the results for case 1 (low ionization potentials)
and case 2 (high ionization potentials). A comparison of the results for cases 1 and
3 shows that using the band type oscillator strength distribution function in the
heavy-atom model(case 3) tends to shift the overall relative fractional flux distribu-
tion toward the infrared spectral region.

Effect of Seed Gas

The preceeding results indicated that a large fraction of the radiation emitted
from the nuclear fuel region occurs at wave numbers where the transparent containment
walls become effectively opaque. (Wave numbers greater than approximately 5.0 x lOu cm™
or wavelengths less than 0.2 y ). Thus, the energy incident upon the containment wall
radiated by a pure nuclear fuel system would prove to be a severe heating and cooling
problem with respect to the contaimment wall. In recognition of the containment-wall
cooling problem, the radiative properties of the seed-fuel gas system were estimated
with 10 atm of hydrogen added to the fuel region as a seeding gas.

12

1

1




H910092-12

Results of the seed gas analysis (case L4) are presented in Fig. 18 (spectral
flux as funchtion of wave number) and in Fig. 19 (relative fractional flux as a func-
tion of weve number). Also shown for comparison in Figs. 18 and 19 are the results
for a pure fuel system (case 3). As shown in Fig. 18, a notable difference between
cases 3 and 4 occurs in the "window" at a wave number of approximately 5.5 x 10 em-t
(wavelength 0.182 4 ). The depth of the "window" increased by about an order of
magnitude and was shifted to a higher wave number (6.2 x 10 em™t or a wavelength of
0.161 y ) as a result of adding hydrogen as a seed gas. In addition, the radiation
emitted by the fuel in case 3 at wave numbers greater than 1.0 x 102 em~1 (weve-
lengths less than 0.1 y) was drastically reduced in case 4 due to the addition of
hydrogen.

These results are shown in Fig. 19 for cases 3 and 4 as the relative fractional
flux distribution. The curves in Fig. 19 illustrate the reduction in the relative
fractional flux in the visible and ultraviolet spectral region upon addition of
hydrogen gas as a seeding agent. The results also suggest that seeding with selective
gases would undoubtedly further reduce the quantity of radiation emitted in the
critical region at wave numbers beyond approximately 5 x 10 em=1 (wavelengths less
than 0.2 u ). Two promising seed materials are diatomic oxygen and water vapor, both
of which are very opaque at wavelengbths less than 0.2 (wave numbers greater than
50,000 cm‘l). The primary difficulty is that both of these molecules tend to dis-
sociate at high temperatures, although preliminary calculations indicate that there
will be a significant fraction of wundissociated molecules at temperatures of interest.
Even if these molecules should dissociate at high temperatures, however, they would
provide a protective blanket between the fuel and the wall at lower temperatures to
protect the wall from overheating due to absorption of ultraviolet radiations.
Additional calculations of the effect of seed addition, including considerations of
chemical reactions between the seeds and the nuclear fuel, should be considered in
future programs.

Effect of Reflective Walls

In cases 5 and 6 the heavy-atom model configuration of case 1 was used to exa-
mine the effect of wall reflectivities on the spectral flux emitted from the fuel
region. A uniform reflectivity of 0.5 was used for all wave numbers for case 5, while
the spectral reflectivity of aluminum (see Fig. 4) was used for case 6.

Spectral flux distributions as a function of wave number are compared in Fig. 20
for cases 1, 5 and 6; relative fractional flux distribution as a function of wave
number are compared in Fig. 21 for these cases. Examination of Figs. 20 and 21 shows
that relatively little change in the spectral flux distribution or in the relative
fractionl flux distribution occurred between case 1 and cage 5 ag a result of including
an end wall with a uniform spectral reflectivity. However, a marked change in the
spectral distribution for case 6 (aluminum spectral reflectivity)was evident. For a
wave number of approximately 1.0 x 103 em~t (wavelength of 10.0 u ), the predicted

13
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spectral flux for case 6 was an order of magnitude less than that predicted for case
1. At a wave number of 1.0 x 10 em™L (wayelength of 10.0yu ), the difference between
the predicted fluxes for case 6 as compared to case 1 wag a factor of approximately
5. Tor wave numbers between 1.0 x 10" em™t and 5.8 x ILOu (wavelengths between 0.1
and 0.173 4, ), the spectral flux distributions for these cases converge. At wave
numbers greater than approximately 5.8 x 10 cm"l (0.173,, or less) the spectral

flux for case 6 exceeded the spectral flux for case 1. A small peak was also intro-
duced into the spectral distribution of case 6 at a wave number of 8.0 x 107 cm”
(0.125, ) as a result of the spectral reflectivity of aluminum.

Similar trends are observed in the relative fractional flux distributions shown
in Fig. 21 for cases 1, 5 and 6. In general, including reflective walls tends to
shift the distribution such that more of the emitted energy falls in the wvisible and
ultraviolet spectral regions.

Optical Depths at Selected Wave Numbers

In order to ascertain the thickness of fuel which influences the spectral radia-
tive flux at the edge of fuel, it is necessary to know the "effective" optical depth.
The optical depth at any wave number is given by the following equation:

Twz./;y ay dy o

where y is the distance from the fuel edge and a is the spectral absorption coeffi-
cient as a function of y. Spectral absorption coefficient data such as those given
in Figs. 7, 8 and 9 were used to compute the optical depths as a function of distance
into the, fuel for each of the cases investigated at wave numbers of 2.0 x 103 (5.04 ),
1.0 x 10% (1.0, ), 2.0 x 10" (0.5,), 5.0 x 10* (0.2,) and 1.0 x 105 em~1 (0.1, ).
These results are graphically illustrated in Figs. 22 through 27 for cases 1 through
6 respectively.

In practice, the spectral flux of radiative energy emitted from the fuel region
is not appreciably influenced by conditions more than 2 to 3 optical depths into the
interior of the fuel containment region as shown by the results of this section. For
cases 1 and 2 (see Figs. 22 and 23) this optical depth is reached or exceeded for all
wave numbers less than 1.0 x 10° em~1 (0,14 ) at a position within 0.5 cm of the fuel
edge. At a wave number of 1.0 x 10° cm” (0.1, ) the optical depth criterion was not
met; however less than 10% of the radiation was emitted at wave numbers greater than
1.0 x 10° em™T (0.1;)(see Fig. 17).

Use of the band type oscillator strength distribution functions in the heavy-
atom model for cases 3 and 4 resulted in a marked reduction in the optical depth at
& wave number of 2.0 x 103 em~t (5.0, ) as indicated in Figs. 24 and 25. The spectral
region about a wave number of 2.0 x 103 em=+ (5.0;,) wa.s relatively unimportant in the
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analysis of thege cases since s negligible quantity of radiation was emitted in this
spectral region (see Fig. 19). The addition of hydrogen as a seed gas (case L)
tended to decrease the optical depth at a wave number of 1.0 x lO)“L em-+ (1.0 4 ) com-
pared to case 3 (no hydrogen seed). Similarly, addition of hydrogen to the fuel
system resulted in an increase in the calculated optical depths at a wave number of
1.0 x 102 em~1 (0.1 4).

Equivalent optical depth results are presented in Fig. 26 for case 5 involving
an end wall of uniform reflectivity and in Fig. 27 for case 6 which involves an end
wall with aluminum reflectivity. The most notable change in optical depth occurred
in case 6 for a wave number of 1.0 x 10”2 em™% (0.1 ) (see Fig. 27).

Effective Spectral Black-Body Properties of the Fuel Region

In Fig. 28 black-body fluxes are illustrated as a function of temperature for
selected wave numbers. These results were used to estimate the effective spectral
black-body radiating temperature Ty, of the nuclear fuel region as a function of
wave number as graphically depicted in Fig., 29 for all six cases investigated. The
effective spectral black-body radiating temperature is defined as that temperature
for which the spectral flux emitted by the fuel region at wave number w is equal to
a black-body spectral flux at wave number w.

A number of general trends are observed in the results presented in Fig. 29.
For cases 1, 2 and 3, the fuel systems radiate at an equivalent black-body temperature
less than 15,000°R (8,3E3OK) in the weve number region between 1.0 x 103 (10.04) and
approximately 4.0 x 10% em~1 (0.25 ). At a wave number of about 4.0 x 10% cm~1
(0.25 4 ) the fuel systems radiate like a black body at a temperature of 15,000°R
(8,333°K). Between wave numbers of 4.0 x 10% (0.25,) and 1.0 x 105 cm-1 (0.1 )
the effective radiating temperature for cases 1, 2 and 5 rapidly increases. The
meximum effective radiating temperature of about 22,500°R (12,500°K) occurs at a wave
number of 1.0 x lO5 cm"l (0.1 ) for these three cases. Note that an end wall of
uniform reflectivity (case 5) tended to reduce somewhat the effective radiating
temperature for wave numbers between 1.0 x 103 (10.0 y) and 1.0 x 10% em~1 (1.0,).
Similarly, the results for case 6 show that inclusion of an end wall with aluminum
reflectivity drastically reduces the effective black-body radiating temperature
between wave numbers of 1.0 x 103 (10.0 4 ) and approximately 2.0 x 104 em-1 (0.50 )
as compared to case 1.

Similar calculated data are shown in Fig. 29 for cases 3 and 4. These results
exhibit a marked increase in effective radiating temperature in the low wave number
region between 1.0 x 103 (10.0 p) and approximately 1.0 x 104 em-1 (L.Oy). At
wave numbers greater than 1.0 x 10 em~1 (1.0 u) the effective spectral black-body
radiating temperatures for cases 3 and 4 are approximately equivalent to those for
case 1, 2, 5 and 6 and exhibit the same general trends. A marked peak in the effective
radiating temperature occurs in the distribution for case 4 at a wave number of
approximately 4.0 x 10" em1 (0.25 4 ).
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In Fig. 30, the effective optical depth is plotted as a function of wave number.
The effective optical depth is defined as that optical depth at which the effective
spectral black-body temperature and the gas temperature are equal., It is a measure
of the effective distance one can "see" into the plasma.

Note that only one point could be calculated for case 6. The value of the
effective optical depth was 1.83 at a wave number of 1.0 x 102 cm-1 (O'lﬁlﬁ' Similarly,
data could not be calculated for case 5 at wave numbers less than 5.0 x 107 cm-1
(0.2 ). These data were not available since the estimated spectral black-body

temperatures (see Fig. 29) at the indicated wave numbers were less than the gas
temperatures plotted in Fig. 6.

In the remaining data plotted in Fig. 30 a number of trends are evident. The
effective optical depth tends to increase with increasing wave number (decreasing
wavelength) for all cases examined. For cases 2, 3 and L4 the effective optical
depth decreases with increasing wave number between 1.0 x 104 (O.l;;) and 2.0 x 10 cm."l

(0.5).
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LIST OF BYMBOLS

Rosseland Mean Opacity, cm“l

Spectral absorption coefficient, et
Pressure, atm

Total flux or integrated flux, Btu/fte-sec or erg/cmg-sec
Spectral flux, erg/cm-sec

Black-body flux (for temperature T*)=0T*u, Btu/ftg—sec
Spectral reflectivity, dimensionless

Temperature, °R or °K

Effective black-body radiating temperature ( taken as lS,OOdDR for all cases
considered).

Edge-of-fuel temperature (see Eqs. (2) and (3)), °R

Distance from edge of fuel (measured from edge of fuel toward the center line or
away from end wall), cm

Wavelength, R or microns (m)
Wave number, em™d
Mass density, 1b/ft3
Optical depth, dimensionless

Subscripts and Superscripts
Refers to a black-body property
Fuel

Total

Wave number or spectral gquantity

19




H910092-12

6 °Joy eos ~ wnaqoeds syjl JO uUOIIaX

SUTT UT SYISULILs JOYe[TIOso xo0F uotyewrxoxdde DPUeq yjTs TOPCW woje-£Aesy 07 sI8IsY - ANV
9 pue ¢ °*sy3y 99s - uwmagzdads syz Jo UOTTad SUTT *%
uT syqdusiqs I07eTTIOSO XoI uoraewrxoadde wnnuriuod UGTM [epou moje-Aagsy 09 sIA9IsY - INOD
L °I9Y @9s - A8 HT'TE PUB H6°LT ‘Oh'TT 1°9 Jo sTeIjusjod UOTYBZTUOT TONJ 03 SI9ay - MOT
g *J9Y 988 - A8 9°GQ puB Q°gE ‘T°LT ‘1°9 Jo sTeIjULjod UOTFEZTUOT TaNJ 0 SIS93sY - HOIH *
f1 914 °°s
069°6T 000°¢ST ANON WU TN TY INOD MOT 9
f{ *STd 9°s
069°HT 000°4T ANON WIOFTUN INOD MoT g
usSoapLy
069°0T 000°¢4T wje OT O¥dZ anvd MOT T
0s9f0T 000°¢6T HNON O¥dZ anve MOT £
069°0T 000°4T ~ HNON oddz LNOD HPIH Z
059°0T 000°GT FNON 0 i/ INOD MOT T
o = mH dq = %L sutpseg SOTITATIORTISY *¥ * sse)
sangexsdus], aangeradus], TOPON STeTIUS90d
Tong~JO~98pH SutqeTrey woly-AresH UOTIBZTUOL

9AT3093IH

my 006 - THHST + NOANg + THldy = Ly “sansssag Tegol

\

SHSYO SNOTYVA NI dEsn
SNOTLLVWIXOUddY ANV SNOLLIANOD 40 AIVINANS

I FIgvd

20



FIG. 1

09

277

(RAN]
I*

189°0

{

NOI93d 13and

A |

INILVOD IAILDIT4TY £ »
HLiM 1TVM GN3 \

/

i

NOI93d NOAN

%

TIVM LNJUVASNYA L

NOI193¥ LNVI13ad0dd

910°0 I* +

21

H?10092--12

L1334 NI SNOISNaWIQ 11V

9 ANV G 53SVD d0d4 13Nd 40 39403 Wodd ATIVIXY
‘7 HONOYHL L SASVYD ¥Od 13Nd4 40 3903 WO QAVMNI AT1TIVIAVY dIANSYIN 4

NMOHS ALIAVD OL ¥VTHWIS STILIAVD

1IN NIAZTS SAOTAWI INIONT TIVEIAC

INION3 g71n49 1HOIT dHV3ITONN Vv 40 ALIAVI LINN



FIG. 2
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ASSUMED NUCLEAR FUEL PARTIAL PRESSURE DISTRIBUTION

ATM

}

378

< 10,378

271y 4001 y =
0X102 y> 10

.
°

19
2

|

|
w
- =
w |
0. <
=
Q. S
[ w
H il
uw
o @
1 2
1721
o (V41
o [FR]
w o
] o.
z ]
o <
M -
(@]
o =
——_ g
wi
T
Q
z

1134

1
I

g g

WLY — ¥d ‘3¥nssayd 1viLyvd

DISTANCE FROM EDGE OF FUEL,y - CM

22



H910092-12 FIG. 3
OSCILLATOR STRENGTH DISTRIBUTION FOR THE BOUND-BOUND REGION
OF HEAVY-ATOM MODEL USED FOR CASES 3 AND 4

O URANIUM | REFS. 10 AND 11

\v/ URANIUM It REF. 10

-——— NO DATA BETWEEN INDICATED POINTS

TOTAL LINE OSCILLATOR STRENGTH IN 200 A WAVELENGTH INTERVALS

10-4
0 2,000 4,000 6,000 8,000 10,000

WAVELENGTH AT CENTER OF 200 A INTERVAL, A -A

t | | | | [
100,000 | 50,000 25,000 12,500 10,000

WAVE NUMBER, W — CM™!

23




FIG. 4
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IVITY OF ALUMINUM AND UNIFORM REFLECTIVITY
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FIG. 6

DISTRIBUTION IN OUTER LAYER OF FUEL
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H910092-12 FIG. 7
COMPARISON OF SPECTRAL ABSORPTION COEFFICIENT OF NUCLEAR FUEL
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AT EDGE-OF-FUEL CONDITIONS USEDIN CASES 1,2 AND 3
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FIG. 8
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IENTS OF NUCLEAR FUEL
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COMPARISON OF SPECTRAL ABSORPTION COEFFICIENTS OF NUCLEAR  °
FUEL AT EDGE-OF-FUEL CONDITIONS USED IN CASE 1,5 AND 6
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H910092-12 FIG. 12
COMPARISON OF NUCLEAR FUEL MASS DENSITY DISTRIBUTIONS
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COMPARISON OF TOTAL MASS DENSITY DISTRIBUTIONS FOR CASES 1,2 AND 3
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FIG. 16

COMPARISON OF SPECTRAL FLUX FOR BLACK BODY AT TEMPERATURES OF 10,000,
15,000 AND 20,000 DEG R AND SPECTRAL FLUX EMITTED FROM NUCLEAR FUEL
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H910092-12 FlG. 17
COMPARISON OF RELATIVE FRACTIONAL FLUX DISTRIBUTION OF BLACK BODY AT
TEMPERATURES OF 10,000 15,000 AND 20,000 DEG R AND RELATIVE FRACTIONAL
FLUX DISTRIBUTION EMITTED FROM THE NUCLEAR FUEL FOR CASES 1,2 AND 3

TV = 15,000° R

CASE |SYMBOL| I P MODEL .
1 [——---- Low CONT Q" = 24,300 BTU/FT 2-SEC
2 | —--—| HIGH CONT Tg = 10,650° R
3 | —-—| LoOwW BAND P =0.01 ATM
BLACK r -0
BODY ®
SEEDS — NONE

', do
Q

)]

6
'IOQ

)

RELATIVE FRACTIONAL FLUX,

WAVE NUMBER, o ~ CM-!

H i | i ] ] ] ]
10.0 5.0 2.0 1.0 0.5 0.2 0.1 0.05

WAVELENGTH, - MICRONS

37



FIG. 18

FROM NUCLEAR

D

]
£

EMITTE!

DOUSRN S8 SR AN S S 13
:uﬂr# oy

wot e et

105

i
1.

104
WAVE NUMBER, v — CM~!

6.10 0.05

0.2

0.5

38

20,000 DEG R AND SPECTRAL FLUX

COMPARISON OF SPECTRAL FLUX FOR BLACK BODY AT TEMPERATURES OF 10,000
15,000 AND

H910092-12

20
WAVELENGTH, A - MICRONS

5.0

s o - ,_, } -
; — i i i i
R e L e
52 £ ¥ S SE
= it ; , S==a=
o+ e HEEH =
SEam 58 e
SRR
==, I
ik T iSam:
S i E=
uana it -
e ta SSumEN 4 po
: ot : =W ==
au ] ; E y.D L -0 - ywu
oo e 1 ! _—..“ Z |« m -
1t 18} g (o] .
[ o o~ el 4 M o .
i : - s _
RS e & , 2F
S ~ g =
s i w o ==
2 2 2 o & = Z ; E=
= ° s b < Al _ ==
ikt g 2 o « @ ol | EE
i isaui ieAus anEH o< wy w0
; F s i g S S Y - B i ES | !
] e i S RTE R T & T 2 o qu
; e muEEms - 8 =/ o ﬂ - Ll ! _
ESgs It ., Il ] o 1B
Eisfisges HEs x % o i
- 2 w w 3 o F
T Py L <4 =t
i Raat i N it " ‘T:A P _r. M £ w
H ; : : 4+ e nest sua <
T : ) et el - ians ) «_ - 86EH o4 H M R
~ } i fiasssauey S et ot
! s s SER S Wi Vo i e fnass sma s i BE
H N I : I SN LIRS BN c151 14 £1301 28 M
- ; - —— 5 (S ag e T
5 5 e e 04 el i b 8
L e o4 i 0 (11 i
il . i L
Vs o~ o~ w

23S-WD/9¥3 - "B ‘XN1d4 Tvdldads

10.0



H910092-12

FIG. 19

COMPARISON OF RELATIVE FRACTIONAL FLUX DISTRIBUTION OF BLACK BODY AT
TEMPERATURES OF 10,000, 15,000 AND 20,000 DEG R AND RELATIVE FRACTIONAL
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COMPARISON OF RELATIVE FRACTIONAL FLUX DISTRIBUTION OF BLACK BODY AT
TEMPERATURES OF 10,000, 15,000 AND 20,000 DEG R AND RELATIVE FRACTIONAL
FLUX DISTRIBUTION EMITTED FROM THE NUCLEAR FUEL FOR CASES 1,5 AND 6
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OPTICAL DEPTH DISTRIBUTION AT REPRESENTATIVE WAVE NUMBERS FOR CASE Z
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OPTICAL DEPTH DISTRIBUTION AT REPRESENTATIVE WAVE NUMBERS FOR CASE 4
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OPTICAL DEPTH DISTRIBUTION AT REPRESENTATIVE WAVE NUMBERS FOR CASE 5
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EFFECT OPTICAL DEPTH FOR ALL CASES AS A FUNCTION OF WAVE NUMBER
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